Coal and gas outburst is a dynamic phenomenon with violent eruptions of coal and gas from the working coal seam. It has been proved that the rapid desorption within a short period is necessary for the occurrence of an outburst. Due to limitation of the present test condition, gas desorption characterization for the first 60 s has not been researched sufficiently. In the present study, an experimental apparatus with the ability of high-frequency data collection was developed. Initial desorption characterization of methane and carbon dioxide in coal was experimentally studied. Both the initial desorption characterization of methane and carbon dioxide were experimentally studied with different equilibrium pressures. The desorbed gas pressure was measured at desorption time phase of 0-10 and 45-60 s, besides the initial amount of desorbed gas and initial diffusion velocity of coal gas were calculated to assess their risk of outburst. The results show that the gas pressure for both methane and carbon dioxide increases sharply in the initial time and then levels off, and the total amount of desorbed gas increases with the increasing desorption time. Although the amount of desorption methane is slightly larger than that of carbon dioxide at the beginning, the total amount of desorbed carbon dioxide is significantly larger than that of methane at the desorption process. Therefore, it can be concluded that the coal and carbon dioxide outburst is more dangerous than the coal and methane outburst based on the obtained experimental results.
Introduction
Coal and gas outburst is a dynamic phenomenon with violent eruptions of coal and gas from the working coal seam, which would result in economic loss and casualties. It is becoming more and more serious as coal mining is extended into deeper seams (Fisne and Esen, 2014; Zou et al., 2015) . The coal and gas outburst is closely related to the coalbed gas reserved in the coal. Coalbed gas is an associated product in the coal formation process (Tahmasebi et al., 2012) , which is deposited in coal seam in several forms: adsorbed in the pores surface of the coal, as part of the coal molecular structure, existing in the fissures and larger pores as free gas, and dissolved in the water (Liu et al., 2018; Zare R bska and Ceglarska-Stefa nska, 2008; Zou and Lin, 2018) . The adsorbed and free gas take up the most of coal bed gas, which dominates the occurrence of coal and gas outburst. In order to prevent the occurrence of coal and gas outburst in the process of uncovering coal in deep mines, numerous sensitivity indexes attached to the gas desorption properties were established, including the variation of gas emission (K V ) Belin, 1966a, 1966b; Somnier, 1960; Yan et al., 2017) , prediction method attached to the gas adsorption index K 1 and Dh 2 of drilling cuttings (Zhu et al., 2017) , and the index initial velocity diffusion of coal gas (IVDCG) (DP) (Lama and Bodziony, 1998; Skoczylas, 2012) .
Although the indexes mentioned above played an important role in coal and gas outburst prediction, none of them can accurately reflect the desorption characterization for the first 60 s due to the restriction of testing apparatus, which is the most important for the prediction of outburst risk. However, most research results show that the longer exposure time under atmospheric pressure would lead to greater error. Besides, the gas desorption properties of coal particles in the first 60 s are usually ignored in most of these sensitivity indexes. In theory, even the date of K1 could be used to calculate the gas desorption properties by measuring the rate of gas desorption at any time. But the actual time is longer than 1 min for the rate of gas desorption in the first 60 s, thus it could not be detected. Although researchers tried to study the desorption characterization and many data acquisition systems (DASs) were developed for recording pressure data, the shortest time interval were half a second in the first 10 s set by Pillalamarry et al. (2011) and 2 s in the first 60 s set by Li et al. (2017) . The amount of data is not sufficient for the analysis of pressure variation in the first 0-10 s. Thus, it is necessary to decrease the time interval value because of the extremely high desorption rate during the initial period. Furthermore, gases involving in this type of disaster mainly are methane and carbon dioxide. Several researches show that gas composition has great effect on outburst risk (Lama and Bodziony, 1998) , and the index DP increases with the increasing carbon dioxide percentage (Wu et al., 2010) . Researches emphasizing on the sorption capacity of these two types of gas predicted that coal and carbon dioxide outburst is more dangerous than coal and methane outburst (Sobczyk, 2011 (Sobczyk, , 2014 . Few studies focused on the desorption characterization of carbon dioxide; therefore, it is very important to analyze the reason from the point of their desorption characterization.
In this paper, gas desorption characterization for the first 60 s is studied from the following three aspects: gas pressure, initial amount of desorbed gas, and initial diffusion velocity of coal gas. The effects of different gas types and different gas pressures on coal and gas outburst risk were analyzed. And the experimental process is followed by "Determination method for index (DP) of initial velocity of diffusion of coal gas", which has been defined that the gas desorption process for the first 60 s can be divided into three steps: the releasing of free gas steps (0-10 s), the gas filled in the space between coal sample and pressure tank is the source of released gas; the gas desorption step (10-45 s); and the releasing of desorption gas step (45-60 s).
Experimental apparatus and procedures

Experimental apparatus
The schematic of the experimental setup is shown in Figure 1 . It mainly consists of a pressure container, a constant temperature water bath, a vacuum system, an inflation system, and a self-developed real-time DAS. The pressure container is connected to the diffusion tank through the electromagnetic valve. The pressure regulating valve is installed in the inflation system to achieve the designated gas pressure. The application of the real-time DAS is the most remarkable characteristic of the experimental setup. 
Experimental procedures
In order to acquire enough gas pressure data in the initial desorption process, time interval is brought down to about 10 ms. The ultimate pressure almost decreases to the level of an absolute vacuum (less than 10 mmHg). For the isovolumetric variable pressure measuring instrument, the pressure of the diffusion space is degassed to be less than 1 mmHg before the sample is loaded. Then coal samples were placed into the pressure container to vacuumize for 1.5 h. After the vacuum process, the gas was injected into the pressure container with predefined pressure and sealed until the pressure remains stable. After the adsorption process reaches balance, the electromagnetic valve between pressure container and diffusion tank is opened, the DAS is turned on at the same time to record the real-time pressure data of the diffusion tank at desorption time process of 0-10 and 45-60 s. At desorption time process of 10-45 s, the electromagnetic valve is closed.
Experimental samples
Coal samples recovered from Fuxiang coal mine of Shandong Energy Guizhou Co. Ltd of China were employed in this study. Samples were ground and sieved to achieve the desired size of 0.20-0.25 mm. Each sample was weighted 3.5 g. The industry analysis of the coal samples is as follows: the moisture content is 1.53%, the volatile matter content is 9.98%, the ash content is 26.44%, the fixed carbon is 78.2%, the maximum vitrinite reflectance is 3.03%, and the total sulfur content is 0.56%. Both of the desorption characterization of methane and carbon dioxide were studied with different equilibrium pressures. Experiments were carried out with equilibrium methane pressures of 0.073, 0.080, 0.087, 0.093, 0.100 MPa and carbon dioxide pressures of 0.074, 0.079, 0.088, 0.092, and 0.100 MPa. For comparison, the injection gas pressure is adjusted by the pressure regulating valve under different gas conditions. Since the adsorption or desorption characterization is extremely sensitive to temperature, the entire container was placed into water bath with the water temperature of 25 C (298.15 K) during the experiment process.
Results and discussion
Gas pressure Figure 2 shows the typical pressure variation of the diffusion tank. It can be found that gas pressure increases sharply in the initial time and then it tends to be gentle. Besides, the pressure rise rate at 45-60 s is lower than that of 0-10 s, which attributes to the rapid desorption of the adsorbed gas on micropore surfaces under the influence of gas pressure gradient and concentration gradient (Czerw, 2011; Siemons et al., 2007; Wang et al., 2015; Xu et al., 2014) . The desorption characterizations of methane and carbon dioxide with different adsorption pressures are shown in Figure 2 . Results show that the pressure rise rate of methane is always lower than that of carbon dioxide under the same adsorption pressure. Thus, the carbon dioxide pressure keeps a high level for a longer time. Furthermore, the desorption of a large amount of carbon dioxide after the exposure of coal contributes to producing enough energy for an outburst. The research result is consistent with both the practical situation and laboratory experiments (Lama and Bodziony, 1998; Sobczyk, 2014; Wu et al., 2010) .
Initial amount of desorbed gas
The amount of gas diffusion consisted of gas flux from the void volume and the desorbed gas from the coal particles. The gas diffusion mass flow (m) can be calculated as follows (Xu et al., 2014) m ¼ Pr
where P is the absolute pressure (Pa); T is the temperature (K); P 2 is the atmospheric pressure (Pa); c is the adiabatic exponent, which is dimensionless; and r Ã is the crosssectional area of the nozzle orifice (m 2 ). Then the total amount of gas can be calculated as follows
where M is molar mass of the gas (g/mol); R is molar gas constant (J/(molÁK)); V is volume of the diffusion space (m 3 ); and Z is the compressibility factor, which is dimensionless. The calculation results are shown in Figure 3 . It shows that the total amount of desorbed gas increases with time at a great speed in the initial stage. Then, the increasing rate continuously decreases. Methane has a lower diffusivity, which is the reason why its desorption pressure is slower than that of carbon dioxide (Busch et al., 2004; Cao et al., 2018; Cui et al., 2004) . Molar mass of gas fluxed from the pressure container is equal to the gas increase in the diffusion space volume, which can be calculated as formula (3)
where P 1 is the measured pressure at the end of first 10 s, and P 2 is the measured pressure at the end of first 60 s, both of them are the absolute pressure (Pa); V is volume of the diffusion space (m 3 ); and Z is the compressibility factor, which is dimensionless. The gas desorbed velocity from coal particles can be calculated as follows t¼Dn=Dt
As shown in Figures 4 and 5, the gas desorbed velocity decreases dramatically at the beginning and then it continuously reduces with the increasing desorption time both in the gas desorption phase of 0-10 and 45-60 s. All lines have shown that the gas desorbed velocity of carbon dioxide is lower than that of methane at the beginning.Afterward, it appears a cutoff point, and the gas desorbed velocity for carbon dioxide is significantly faster than that of methane, that causing the larger total amount of desorbed carbon dioxide.
Initial diffusion velocity of coal gas
The index (DP) of IVDCG is widely used to identify the outburst-prone coal seams. It has been proved that the occurrence probability of outburst increases with the increase of IVDCG, and the threshold for outburst coal seams is 10 mmHg. According to the research of Yang and Wang (1986) , when the coal particle size is less than the limit size, the coal Figure 3 . Relationship between the amount of gas desorption and the gas desorption time.
particles are basically composed of pore structure. Nevertheless, there are little effects of coal particle size on IVDCG when it reaches the limit particle size. The critical particle size varies with the coal, about 0.5-10 mm (Han and Jiang, 2005) . Therefore, the mass flow of gas at the initial velocity measurement will be proportional to the gas concentration gradient, which is consistent with the diffusion law. The law of Fick is as follows
where J is the diffusion velocity (m 3 /(mÁs)); D is the coal gas diffusion coefficient (m 2 /s); C is the coal gas concentration (m 3 /t); and X is the distance from the center of the particle (m). Large number of experimental results show that when the coal adsorbs gas, the adsorption isotherms conformed to the Langmuir equation (Xu, 2015) W
where W is the adsorption equilibrium gas pressure P at a certain temperature (m 3 /t); a is the adsorption constant, which is the maximum amount of adsorbed gas when the gas pressure approaches infinity at a certain temperature (m 3 /t); and b is adsorption constant and the reciprocal of Langmuir pressure (MPa
À1
). Then the DP is calculated based on the assumptions of: (1) The coal sample is composed of spherical particles, (2) the coal is a homogeneous material, (3) the gas flow conforms to the law of conservation of mass and the continuity principle, and (4) the average radius (R) of the coal particles is 0.125 mm.Thus, the desorption of coalbed methane from coal particles in the first class of boundary conditions of the approximate solution can be written as follows (Kang, 2010 )
According to the determination method for index DP, it can be obtained as follows
where q is the coal particle density (g/cm 3 ) and C P is the gas concentration. The approximate solution of the index DP can be obtained by formulae (7) and (8)
The adsorption pressure on the determination of a greater impact can be obtained from formula (9). Because the desorption time is very short, and the temperature is controlled by the water bath, we assume that the gas diffusion coefficient D of the coal is constant in the desorption process. Hence index DP for different coal samples is only affected by the adsorption pressure, which can be confirmed in Table 1 . As shown in Figure 6 , when the equilibrium gas adsorption pressure reduces 26%, the reduction rate of the index DP (methane) is 54%. The greater the amount of gas adsorption is, the greater the effects of the adsorption pressure on the IVDCG are. There is a certain relationship between the IVDCG and the adsorption constants of coal. According to the IVDCG, the ultimate adsorption capacity of coal can be estimated. The relationship between IVDCG and equilibrium gas pressure is shown in Figure 6 . Do (1998) 
Thus, the positive correlation is not only suitable for the coal containing methane, but also for the coal containing carbon dioxide. Moreover, it can be concluded that the initial speed of carbon dioxide diffusion is larger than the initial speed of methane diffusion Figure 6 . Relationship between IVDCG and equilibrium gas adsorption pressure.
(k CO 2 >k CH 4 ). According to the outburst threshold of 10 mmHg (Zhu et al., 2017) , and the linear equations as shown in equations (10) and (11), coal seams should be identified as outburst-prone seams when carbon dioxide pressure is higher than 0.069 MPa and methane pressure is higher than 0.074 MPa, which confirms that the coal and carbon dioxide outburst is more dangerous than the coal and methane outburst. In addition, the IVDCG (DP) and the adsorption constants (a and b value) of coal have a certain relationship (Tang, 2014) . Therefore, the ultimate adsorption capacity of coal can be approximately estimated according to the initial speed of gas diffusion. The diffusivity of gas in coal is determined by the physical and mechanical properties of coal and gas. Under the same gas content, the greater the IVDCG is, the greater the risk of coal and gas outburst is (Wu et al., 2010) . The index DP is one of the indicators used in the coal and gas outburst forecast. When DP ! 10 mmHg, the coal seam has the outburst risk and vice versa. However, the atmospheric pressure varies from place to place, and if the critical value (10 mmHg) is used, it is necessary to make a deviation. Therefore, it should be adjusted according to the local atmospheric pressure. Due to the small amount of data in this experiment, more studies will be conducted in the future.
Conclusions
Both the desorption characterization of methane and carbon dioxide were experimentally studied with different equilibrium pressures. The desorbed gas pressure was measured and recorded at desorption time phase of 0-10 and 45-60 s. The initial amount of desorbed gas and initial diffusion velocity of coal gas were calculated. Experimental results show that the gas pressure for both methane and carbon dioxide increases sharply in the initial time and then levels off, which attributes to the rapid desorption of the adsorbed gas on micropore surfaces within the coal matrix when the container is filled with coal particles. The total amount of desorbed gas increases with the increase of time at a great speed at the initial stage, and then the increasing rate continuously decreases. The trend lines have a cutoff point and the total amount of desorbed methane is slightly larger than that of desorbed carbon dioxide before the cutoff point. Different from the desorbed methane, the total amount of desorbed carbon dioxide increases fast. With the increase of time, the gap becomes larger and larger. Meanwhile, pressure rise rate of carbon dioxide is significantly larger than that of methane, and carbon dioxide pressure can keep a high level for a longer time. It can be concluded that a large amount of carbon dioxide would be desorbed to free gas after the exposure of coal, which contributes to the enough energy for an outburst. The study results also show that the positive correlation between IVDCG and equilibrium gas pressure is not only suitable for coal containing methane, but also for coal containing carbon dioxide; besides IVDCG is greatly affected by the adsorption pressure. The index DP increases with the increasing adsorption pressure, and the initial velocity diffusion of carbon dioxide gas is larger than that of methane gas. In order to ensure the accuracy of measuring results, it is better to adjust the critical value (10 mmHg) according to the local atmospheric pressure.
